Halogen-bonding provides a useful complement to hydrogen-bonding and metalcoordination as a tool for organizing supramolecular systems. Resorcinarenes, tetrameric bowl- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 between adjacent dimeric units. These various structures, all organized through host-host, hostacceptor, and host-solvent interactions highlight the emergent complexity of these types of complexes. As halogen bonds are weaker than hydrogen-bonds, the resulting architectures are harder to predict, and these results provide additional insight into the parameters requiring consideration when designing crystalline supramolecular systems using halogen-bonds as the core organizing principle.
Introduction
The design and construction of capsular assemblies is a growing area of focus within the supramolecular chemistry community. 1 From a simple post hoc theorizing viewpoint, defined capsular assemblies should be easily designable through a complex, but deterministic evaluation of the supramolecular geometries emerging from the structure of the constituent units. [1] [2] [3] [4] However, at the nanoscopic level, the processes leading to capsule formation are considerably 3 more complicated. In addition to obtaining the correct geometry by using the appropriate connecting units, ligand design and subsequent crystal engineering requires a fine control and balance between a multitude of interdependent structural, electronic and other parameters including: the strength of the bonding interactions, the size of any capsular cavity, the spatial orientation and robustness of the supramolecular synthons and interaction motifs, and the potential complicating interference from competing solvent molecules or other possible species,
viz. cations and/or anions. [1] [2] [3] [4] Predicting and controlling these supramolecular interactions within a multi-component system is particularly challenging when specific capsular structures are desired. [1] [2] [3] [4] However, significant progress has been made, and the emergent behavior of these interactions is quite well understood in hydrogen bond [5] [6] [7] [8] [9] (HB) and metal-ligand 10-14 mediated capsular structures. The formation and control of purely halogen-bonded (XB) [15] [16] [17] [18] [19] [20] [21] supramolecular capsules, on the other hand, are still poorly understood and only a few examples are reported in the literature. [22] [23] [24] [25] [26] [27] [28] As halogen bonds offer a very versatile and useful complementary organizing principle to the H-and metal-ligand interactions, an improved understanding of these systems is required to provide the necessary tools to access ever more elaborate supramolecular architectures.
Resorcinarenes, [29] [30] [31] [32] [33] [34] [35] [36] [37] their salts, [38] [39] [40] [41] [42] [43] [44] and resorcinarene cavitands [22] [23] [24] [25] [26] 28, [45] [46] [47] [48] [49] are well-studied families of macrocyclic receptors. Resorcinarenes are particularly useful due to their ease of preparation, simplicity of functionalization, and versatility as hosts for a wide variety of guests. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The known resorcinarene capsules formed through HBs, metal-ligand coordination bonds and dynamic covalent bonds have recently been reviewed by Kobayashi and Yamanaka. 50 Concurrent with that review, we reported a novel dimeric solid-state capsule held together solely by halogen bonds (XBs) based on a pre-organized tetratopic resorcinarene XB acceptor. 25 51, 52 We envisaged that under specific conditions and using structurally suitable XB acceptors, the tetrahaloethynyl resorcinarene cavitands could form halogen-bonded capsular assemblies. In this contribution, we report halogen-bonded solid-state complexes formed between tetrahaloethynyl cavitands ( Figure 1 ) and heterocyclic ditopic XB acceptors, 2,2'-bipyridine (2,2'-bipy), 4,4'- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 51, 52 showed that cavitands 1 -3, with four haloethynyl XB donor groups have two distinct XB acceptor sites: the eight ether oxygens at the cavitand bridges, and the four ethynyl (-C≡C-) groups on the upper rim. In addition to these XB donor and acceptor sites, the cavitand has a interactions, especially the strong X···N XBs, but also the weaker X···O and X··· π XBs and the CH··· π and π··· π interactions ( Figure 2 ). 51, 52 Based on our previous studies 51, 52 the major structural feature in all methylene-bridged tetrabromo/iodoethynyl cavitands (i.e., 1a, 1b and 2) solid-state structures is that they form selfincluded dimers through C-H···π interactions and self-complementary association between the haloethynyl groups and the cavity (motif A, Figure 2 ). This inserts one of the bromo-or iodoethynyl groups of each cavitand into the cavity of its partner and vice versa. These selfincluded dimers combine for six polarized halogen atoms, uninvolved in the dimerization, available to interact with other halogen bond acceptors. Consequently, co-crystallization of 1a with two equivalents of 2,2'-bipy gave rise to a self-included complex 1a&2,2'-bipy (Figures 3, S1 and S2). The asymmetric unit contains one tetrabromoethynyl cavitand and one and a half (Figure 3b ). In the above discussion, R refers to the interaction ratio, also known as normalized interaction distance, R XB = d XB /(X vdw + B vdw ), [54] [55] [56] where X represents the XB donor (here Br or I) and B the XB acceptor (here N, O or π).
(a) (b) (c) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 this discrepancy, we probed the interaction of 4,4'-bipy with cavitand 1b. It has the same methylene-bridged cavitand skeleton but replaces the lower rim hexyl chains of 1a with longer undecyl (C 11 ) groups. In the 1b&4,4'-bipy crystal, the asymmetric unit contains one cavitand and two 4,4'-bipy molecules, and is defined as a self-included 2:4 dimer (Figure 6a ), reminiscent to the structure of 1a&4,4'-bipy-A. However, unlike for that system, all 4,4'-bipy molecules act as two pairs of monodentate XB acceptors (R BrN = 0.83, 2.84 Å and 0.86, 2.92 Å; Figure 6a ).
One pair mediates inter-dimer organization using π···π interactions, while the other does not.
The increased length of the alkyl substituents enhances their capability to have London dispersion force interactions, and these clearly play an important role in crystal packing. This Due to the more strongly polarized iodine atom, the tetraiodoethynyl cavitand 2 is able to form stronger halogen bonds with XB acceptors than the analogous tetrabromo cavitand 1a.
Cavitand 2 is expected to show the same self-included dimer behavior, but its stronger XB 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 (a) (b) (c) cavitand -> self-included dimer -> halogen bonding -> the rod structure 683 Å 3 , calculated using MSRoll 57 inside the X-seed 58, 59 with the probe of 1.2 Å (Figure 7b ). The cavity is big enough to accommodate five acetone solvent molecules, two out of which are not disordered and can be localized ( Figure S6 ). In addition to the strong XBs between the dimers, the crystal lattice is reinforced by π···π stacking of the 1-D rods through the interaction motif E (Figure 2 ).
All the methylene-bridged cavitands 1a, 1b and 2 form self-included dimers due to the self-complementary fit of the haloethynyl groups with the cavity; this is accentuated by the fact that the methylene hydrogens are both acidic and pointed directly towards the center of the cavity, thus enabling CH··· π interaction between the cavitands of the dimer (interaction motif A, Figure 2 ). 51, 52 If the cavitand is constructed using the ethylene-bridge, -CH 2 -CH 2 -, instead of the methylene, the situation changes dramatically. Now the interactions driving the self-inclusion are greatly diminished and consequently self-included dimers are not formed. This leaves all the XB donor sites free to interact with the XB acceptors. Unfortunately, all attempts to obtain high quality single crystals from the tetraiodoethynyl cavitand 3 and 4,4'-bipy were unsuccessful.
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Conclusions
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